The location of the linker histone (LH) on the nucleosome has been the subject of recent controversy. Although previous evidence had supported a location over the dyad axis, some recent experiments suggest an asymmetric, off-axis position. In this paper we show that the DNA sequence used to reconstitute chromatosomes in these experiments is prone to artifacts in nuclease digestion: results interpreted as 'protection' by LHs can be obtained with either naked DNA or with reconstituted core nucleosomes, in the absence of LHs. Consequently, we feel that general interpretation or extrapolation of such results must be regarded with the utmost caution. In addition, we show that the protection data on an alternative, previously unreported major core position on this same DNA sequence support a model of asymmetric, off-axis position of the LH, with linker DNA protection on only one side of the core particle.
INTRODUCTION
Histone H1 and its cognates bind to linker DNA in the chromatin fiber (hence their name linker histones, LH) and contribute to the formation/maintenance of higher order fiber structures (for a recent review see 1). Nearly two decades ago, the chromatosome, the nucleosomal particle containing ∼168 bp of DNA wrapped around the histone octamer and one molecule of LH, was identified as an element of that fiber (2) . However, exactly how and where the LH binds to the nucleosome is still far from clear. Earlier data suggested that the LH or its isolated globular domain (GD) bound over the dyad axis of the particle, with 10 bp of DNA protected on each side of the core (2) (3) (4) (5) . Such a location might involve simultaneous interaction of the GD with two DNA double helices, which is in accordance with the existence of two DNA binding sites on opposite sides of the GD (6), both of which are required for formation of the chromatosome (7) .
Recently, two additional alternative placements of the GD have been proposed. Based on several experimental approaches, Alan Wolffe and Jeffrey Hayes proposed an asymmetric location of the GD, close to the end of the core particle DNA (8) (9) (10) . The same authors, using sophisticated chemical techniques (11, 12) , claimed further that not only was the GD asymmetrically bound, but that it was not on the outside of the particle, as believed hitherto, but rather was placed within the DNA gyres. All experiments reporting this off-axis location for the GD have been performed using particles reconstituted in vitro on a specific DNA sequence, containing the 5S rDNA from Xenopus borealis. Finally, an alternative off-axis model has been proposed by Travers and Muyldermans (13) that differs in several important aspects from the asymmetric model of Wolffe and Hayes. This model was derived from statistical analysis of DNA sequence elements in chromatosome DNA (13, 14) and postulates that the GD bridges two adjacent gyres on the nucleosome, the actual contacts being with DNA at positions ±7 and ±1 of the DNA superhelix. (For an excellent critical evaluation of possible LH locations and comparisons of models see 15.) Thus, although the conformation of the nucleosomal core particle is now known in exquisite detail (16) (17) (18) , the structure of the next higher element of the chromatin fiber remains in debate.
As a first step in an attempt to resolve the present controversy, our laboratory has examined the protection provided by LH on nucleosomes reconstituted on different DNA sequences, each possessing strong nucleosome positioning signals. The X.borealis 5S rDNA sequence used by Wolffe and Hayes was included in these experiments as a control. In the course of the investigation we were surprised to find that this sequence is prone to producing artifactual results in approaches relying on micrococcal nuclease (MNase) digestion. The data supporting this contention is presented below, together with some new results on nucleosome positioning and LH protection on this sequence.
MATERIALS AND METHODS

Expression of human H1_
The human H1_ gene was obtained by PCR of pWH312 (19) using synthetic primers containing NdeI sites in the middle. The PCR fragment was digested with NdeI and cloned into the NdeI site of expression vector pET-15b (Novagen, Milwaukee, WI). The plasmid was transformed in Escherichia coli host BL21 and *To whom correspondence should be addressed at: Department of Biochemistry and Biophysics, Oregon State University, Corvallis, OR 97331-7305, USA. Tel: +1 541 737 4851; Fax: +1 541 737 0481; Email: zlatanoj@ucs.orst.edu expression was induced by addition of 1 mM IPTG when the A 600 of the culture reached 0.6. Cells were grown for a further 3 h and harvested by low speed centrifugation. The cell pellet was sonicated in 40 ml binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9) per 100 ml culture and the inclusion bodies and cell debris were collected by centrifugation at 20 000 g for 15 min. The pellet was washed once more with binding buffer, resuspended in 20 ml binding buffer containing 6 M urea and filtered through 0.45 µm membrane to remove any insoluble material. The extract was loaded on a His-tag binding column (2 × 20 cm) (Novagen) pre-equilibrated with binding buffer containing 6 M urea. The column was washed with 10 vol of the same buffer and 5 vol 20 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (pH 7.9), 6 M urea. H1_ was eluted with the same solution containing 1 M imidazole and dialyzed against 20 mM Tris-HCl (pH 8.4), 0.5 M NaCl, 1 mM EDTA, 5 mM 2-mercaptoethanol, 10% glycerol, 4 M urea, then against the same buffer containing 2 M urea and, finally, against 20 mM Tris-HCl (pH 8.0), 0.15 M NaCl, 1 mM EDTA, 0.25 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol, 10% glycerol. The oligo-histidine domain of H1_ was removed by treatment with human thrombin (Novagen) and the mixture was subjected to a second His-tag binding chromatography to remove the digested His-tag. Fractions containing H1_ were concentrated using an Amicon concentrator, dialyzed extensively against H 2 O, lyophilized and kept at -20_C.
DNA fragments used for reconstitution
The 233 bp HindIII fragment from plasmid pXbs-1 containing the X.borealis 5S rRNA gene (a kind gift from Dr D.Brown; 20) was cloned into pBSIISK + (Stratagene, La Jolla, CA) as a tandem repeat of three copies in order to improve yield of the fragment for reconstitution. The fragment used for recloning was obtained by PCR of the original plasmid pXbs-1 using synthetic primers with HindIII sites. The recloned fragment was obtained following digestion with HindIII and purified from agarose electrophoretic gels by electroelution (Schleicher & Schull, Kneene, NH). In order to obtain a longer fragment (see text), the clone containing one copy of the gene was digested with BamHI and SalI, giving extensions of 30 and 10 bp at the 5′-and 3′-ends of the 233 bp fragment respectively.
Reconstitution of core nucleosomes and chromatosomes
Because the DNA used for reconstitution was longer than the conventional core particle (146 bp) or chromatosome (168 bp) DNA, a special nomenclature is needed to describe the products of reconstitution and MNase digestion. The term core nucleosome will be used to denote a particle containing one octamer positioned on the 233 bp DNA fragment. Addition of linker histone to this produces what we will call the H1 nucleosome. Digestion of these to the limits of 146 and 168 bp respectively yields the core particle and chromatosome as conventionally defined.
Reconstitutions of core nucleosomes were carried out by salt dialysis (21) at 4_C. Core histone octamers (22) were mixed with 60 µg DNA in 0.6 ml 2.2 M NaCl, 10 mM Tris-HCl (pH 7.5), 0.25 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride at a molar ratio of ∼0.6 octamers/DNA in order to obtain octamer occupancy on ∼50% of DNA fragments (8) and then dialyzed successively against 10 mM Tris-HCl (pH 7.5), 0.25 mM EDTA containing 1.5, 1, 0.75 and 0.5 M NaCl for 3 h each and, finally, overnight against the same buffer containing 0.05 M NaCl. For nucleosome reconstitutions, H1_ was mixed with reconstituted core nucleosomes in 50 mM NaCl, TE (10 mM Tris-HCl, pH 7.5, 0.25 mM EDTA), incubated at 23_C for 30 min and electrophoresed on 0.9% agarose gels in 0.5× TBE (0.045 M Tris-borate, pH 8.0, 1 mM EDTA). The gels were stained with 1 µg/ml ethidium bromide and then destained in the electrophoresis buffer for 1 h before photography.
MNase digestions
The solution containing reconstituted core nucleosomes or H1_ nucleosomes was made 1 mM with respect to CaCl 2 and 2 U MNase (Worthington, Freehold, NJ) were added per 5 µg DNA. Digestion was stopped after 5 min by bringing the solution to 6 mM EDTA, 0.4% SDS and placing the tube on ice for 10 min. An aliquot of 100 µg/ml proteinase K was then added and the sample incubated for 1 h at 37_C. DNA was twice phenol extracted and ethanol precipitated and the pellet was dissolved in 10 µl 10 mM Tris-HCl (pH 7.5), 0.25 mM EDTA. The naked DNA fragments were digested with 0.2 U MNase/5 µg DNA for 3 min.
Gel purification of DNA, end-labeling and restriction nuclease digestion
DNA from MNase digests was electrophoresed in 10% polyacrylamide gels (Idea Scientific, Minneapolis, MN) in TBE (0.09 M Tris-borate, pH 8.0, 2 mM EDTA) at 10 V/cm for 5 h. After ethidium bromide staining, the chromatosome and core particle DNA bands were cut out of the gel, the gel was crushed and mixed with ∼400 µl elution buffer (0.5 M ammonium acetate, pH 8.0, 10 mM magnesium acetate, 1 mM EDTA, 0.1% SDS), incubated overnight in a 37_C shaker and centrifuged for 1 min. The supernatant was passed through siliconized glass wool, phenol extracted, ethanol precipitated and dissolved in 5 µl 10 mM Tris-HCl (pH 8.0), 1 mM EDTA. Purified DNA fragments were 5′-end-labeled and digested with restriction endonucleases according to standard procedures. The products of digestion were analyzed either on 15% non-denaturing polyacrylamide gels run in TBE or on 6% denaturing sequencing gels run under standard conditions (23) .
RESULTS AND DISCUSSION
Experimental approach
To study the protection against MNase cleavage on nucleosomal DNA provided by LH binding, we used the protocol introduced by Dong et al. (24) and later applied by other investigators in the field, including Wolffe and Hayes. The procedure is schematically presented in Figure 1 .
The success of reconstitution was followed by gel retardation assays of the kind shown in Figure 2a . Addition of the histone octamer to the 233 bp fragment containing the X.borealis 5S rDNA led to the appearance of a retarded band, reflecting the formation of a core nucleosome on the DNA fragment (see Materials and Methods for nomenclature). The addition of LH (we used recombinant H1_, as did Wolffe and Hayes) led to the formation of a H1_ nucleosome, which is further retarded on the gel. MNase digestion of the H1_ nucleosome/DNA mixture, the core nucleosome/DNA mixture and of naked DNA as a control reproducibly Figure 1 . A flow diagram of the procedure used to map the positions of core and chromatosome particles on X.borealis 5S rDNA. The core nucleosome, containing the 233 bp DNA fragment and a histone octamer, is first reconstituted by salt-step dialysis (21) and the linker histone H1_ added at 50 mM salt. This was then digested with MNase to give a mixture of chromatosomes and core particles. The histones were then removed by proteinase K digestion, the DNA fragments purified, separated on polyacrylamide gels and specific bands isolated for restriction cleavage. Mapping of the particles on the DNA was done on the basis of the lengths of the restriction digestion fragments determined by sequencing gels.
produced DNA patterns such as those shown in Figure 2b -d respectively. Note the band at the position of the marker 147 bp fragment, present in all digests; this is not the 146 bp core particle DNA, which actually migrates as a slightly larger entity (apparent length ∼153 bp, when measured against the pBR322/MspI set of markers; see the stable band persisting during the course of digestion and marked CORE). The explanation for this anomalous electrophoretic behavior of the core particle DNA may be analogous to that put forward for the similar situation observed earlier with Lytechinus variegatus 5S rDNA; with that sequence (24) the length of the core particle DNA was shown to be 146 bp when measured against appropriate standards and the slightly retarded mobility (apparent 153 bp) was attributed to the possible existence of a slight curvature in this sequence. In the final step of the analysis, DNA fragments of core or chromatosome length, extracted from gels like those shown in Figure 2 , were further cleaved with EcoRV and the lengths of the resulting fragments were determined in sequencing gels (Fig. 3a) .
5S rDNA from X.borealis directs the formation of two well-positioned core nucleosomes
Two major positions were identified for the core particle and these were identical in core-size DNA extracted from gels of MNase digests of either core nucleosome or H1_ nucleosome particle reconstitutes, as shown in Figure 2a , lanes 2 and 3, and b and c. The first position, identified by the presence on the gel of doublets of bands of 101/102 and 46/47 bp (Fig. 3) was exactly the same as the 'unique' position reported previously, lying between positions 32 and 180 of the sequence (see for example 8,9). The second position was located between positions 3 and 151. It was defined by another pair of fragments, 130 and 18 bp in length. In our hands, the bands corresponding to this position were at least as strong as those for the previously reported position. Although , with several bands present in the chromatosome-size DNA region. The discrete bands in this region were all subjected to further analysis, but apart from the band marked CHR, the other bands showed a restriction digestion pattern totally unrelated to the pattern produced by the core particle fragment. For example, neither of the core particle boundaries could be seen, thus these fragments must arise from cleavages elsewhere on the 233 fragment and were not considered as resulting from further protection imposed on the nucleosomal particle by bound linker histone. Note also that the free DNA present in the incubation mixtures subjected to MNase digestion will not contribute to the patterns observed with the reconstituted particles, since under the conditions of digestion used to obtain DNA from these particles naked DNA was completely digested to small fragments unobservable on gels. the 130 bp band was always present in considerable amounts (being the major band in certain cases) in the gels reported from the Wolffe laboratory (see for example [8] [9] [10] 25) , in most cases it was not identified as reflecting an alternative major position, in addition to the 32-180 position. This is presumably because the matching 18 bp band has rarely been seen on those gels. Perhaps it ran off the gels under the electrophoretic conditions used in those studies. However, in Ura et al. (10) , in which the gel extends to below 15 bp, this position is noted. It seems clear that both positions must be considered in analyzing these data.
Problems with identifying linker DNA protection by LH around core 32-180
We next inquired as to the protection provided by the LH to these two major core nucleosomes. EcoRV digestion of the chromatosome-derived DNA gave a complex pattern of bands, many of which were also present in the patterns of digestion of the chromatosome-sized fragments obtained from naked DNA (compare lanes 3 and 5 in Fig. 3a) . The two major chromatosomederived fragments that may arise as a consequence of linker DNA protection around core nucleosome 32-180 are 106 and 62 bp long. The naked DNA fragment marked CHR? in Figure 2d produced fragments of 101 and 62 bp ( Fig. 3a and b) . The coincidence of fragments of 62 bp on the chromatosomal and naked DNA makes any conclusion regarding LH protection at the 3′-side of the core nucleosome 32-180 ambiguous. Evidently, there are two strong MNase cleavage sites on the naked DNA, which would always be preferentially cleaved independently of the presence or absence of bound histones on the sequence. The first of these sites (at position 32) fortuitously coincides with the 5′-border of core nucleosome 32-180. (That there is a core particle positioned between 32 and 180 bp is beyond doubt, since MNase digestion of naked DNA did not produce any fragment of the length of core particle DNA on polyacrylamide gels. On the other hand, as stated above, MNase digestion of both the core nucleosome and the H1_ nucleosome produced a DNA fragment of the expected core particle length which, upon EcoRV digestion yielded the 101/47 pair of fragments, indicative of a core particle at bp 32-180.) The second strong MNase cleavage site is at position 195 and its cleavage will produce, if followed by EcoRV cleavage, the 62 bp long fragment that can be falsely interpreted as reflecting a 15 bp LH protection on the 3′-side of the 32-180 core particle.
These results explain the 15 bp 'protection' on the 3′-side of the core reported previously; they do not, however, explain the reported 5 bp protection on the 5′-end of the same core (8-10). Careful Fig. 1 ). Lane M contains pBR322/MspI size markers; Core and Chr. designate lanes containing restriction fragments of core-size and chromatosome-size DNA fragments extracted from MNase gels such as shown in Figure 2b . The lengths of the DNA fragments used for reconstitution are also marked. Lane Chr.? contains the products of digestion of the DNA band marked in the same way in the core nucleosome reconstitute (Fig. 2c) . DNA designates a lane containing digestion products of the chromatosome-size DNA fragment extracted from MNase digestion gels of naked DNA (Fig. 2d) . Main digestion products are marked by dots: one dot designates fragments seen in both the core nucleosome and in the H1_ nucleosome; two dots designate fragments observed or strongly enhanced in H1_ nucleosome digests only. (b) Schematic presentation of the results shown in (a). Protection is seen around core particle 32-180 (A) and 3-151 (B). The question marks in (A) reflect the impossibility of assigning such a protection on the basis of a MNase-based approach.
inspection of the MNase patterns produced from core nucleosome reconstitutes, in the absence of added LH, revealed a band of chromatosome length (Fig. 2c, band CHR? ). This band yielded a pair of fragments, 106 and 62 bp in length, exactly like those obtained from the band marked CHR in the chromatosome digests (Fig. 2b) . Since this 106 bp band is also observed in the absence of LH, it cannot be interpreted as reflecting an additional 5 bp LH protection at the 5′-end of the 32-180 core particle. Instead, it probably reflects the fact that the conformation of the core particle in solution is in a dynamic equilibrium among particles of different lengths of DNA wrapped around the histone octamer, from ∼1.5 to ∼2.0 turns of the DNA superhelix, with the two turn particle being rather stable. That the histone octamer by itself can organize ∼168 bp of DNA into two full wraps around the octamer has been repeatedly reported [see Chapter 6 in van Holde (26) for a discussion of the earlier literature; see also 27, 28] . These particles in which DNA is wrapped in two full turns around the histone octamer at the time of MNase attack will produce the false chromatosome in core digests (Fig. 2c) . A possible scenario to explain the apparent 5-15 bp protection in the false chromatosome is as follows. Cleavage at the strong MNase site at 195 leaves a 15 bp 3′-overhang which can fold back onto the core. Then, completion of the two turns of the DNA superhelix around the octamer will be brought about by only 5 bp at the 5′-end, the rest of the linker DNA being cleaved away by the MNase. The particles in which the DNA is, at the time of enzymatic attack, less wrapped will probably allow production of the 101 bp fragment, which is also produced in free DNA because of the presence of a strong MNase cleavage site at this position.
We conclude that in view of the complications produced by the strong sequence preference of MNase cleavage in the vicinity of core 32-180 and of the existence of a dynamic equilibrium in solution among core nucleosomes with different degrees of DNA wrapping around the histone octamer, it is totally impossible to determine LH protection around this particular core nucleosome. However, there exists another preferred core position on this DNA which can be used to give unambiguous results: this is the 3-151 position.
LH protection on the 3-151 core nucleosome
Among the other bands on the chromatosome-derived DNA gels, we could identify two fragments (130 and 38 bp) that were not present in the naked DNA digests and whose lengths summed up to the lengths of the chromatosome DNA (168 bp) (Fig. 3a) . The existence of these fragments would suggest a totally asymmetric protection of 20 bp at only the 3′-border of the 3-151 core nucleosome (Fig. 3b) . This result, however, could not be considered an unambiguous proof for such a one-sided protection, since core 3-151 is situated almost at the very end of the 5S rDNA fragment, which would leave no room for protection on the 5′-side of the core. In order to resolve this ambiguity, we repeated the whole analysis after constructing a longer DNA fragment for reconstitution (see Materials and Methods). This fragment was 273 bp in length and contained an extension of 30 bp to the left side of the 3-151 core. The chromatosome protection seen on this fragment was identical to that on the smaller one (compare lanes 3 and 6 in Fig. 3a) , excluding the possibility that the one-sided protection conferred by LH binding on this core nucleosome was an artifact of the absence of enough linker DNA on both sides of the core to allow proper LH binding.
In summary, we find that there are not one, but two major core positions on the X.borealis 5S rDNA sequence. Artifacts resulting from the sequence-specific preference of MNase and the possibility of obtaining chromatosome-length protection in the absence of LH do not allow any conclusions to be made concerning LH protection on core 32-180, the one used in all previous studies. On the other hand, it seems clear that LH protects linker DNA on only one side of the other major core particle 3-151 on this sequence. Our results do not support the 5-15 bp protection pattern claimed earlier, but indicate that, in this case at least, a 0-20 bp pattern is obtained instead. A similar 0-20 bp protection has recently been reported with the use of alternative DNA sequences for reconstitution, both from this laboratory (29) and from Wolffe's laboratory (30, 31) .
